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1. INTRODUCTION

In late 1988 Canpolar Inc. was contracted (through its affiliate, Intera
Technologies Ltd.) by Esso Resources Canada Limited to conduct further
feasibility investigation into several techniques for remote measurement of the
thickness of oil on water. The work followed a study by Canpolar (Reimer and
Rossiter, 1987) which suggested two new approaches for oil thickness
measurement: laser ultrasonics (electromagnetic thermoelastic emission) and
microwave spectroscopy. In discussions with Esso, a third approach was
suggested, thermal diffusion. In the work reported here only the laser ultrasonics
and optothermal techniques were investigated. Microwave techniques are being
covered under a separate contract to the University of Calgary.

Most of the work reported here was performed at the Industrial Materials
Research Institute (IMRI) of the National Research Council of Canada,
Boucherville, Quebec. This Institute has both specialized personnel and unique

facilities for these investigations. Canpolar’s role was largely one of project

management, co-ordination, technical review and evaluation.

This report is therefore a brief summary of the work, the conclusions arrived at
by the project team, and Canpolar’s recommendations. Detailed technical
discussion is given in the IMRI reports appended.



2. TECHNICAL DISCUSSION
2.1 Laser Ultrasonics

The technique is based on the stimulation of an acoustic wave at the air-oil
interface by a strong laser pulse. The acoustic signal travels through the oil and
is reflected at the oil-water boundary and detected at some delay time at the oil-air
boundary where it can be detected by a sensitive interferometer. The work
performed (Appendix 1) was to confirm the initial estimates of the feasibility of
this approach outlined in Reimer and Rossiter (1987) and, if successful, to plan
follow-on work.

The work did confirm the ability of this approach to measure the thickness of oil
on water. Experimental measurements using both heterodyne and Fabry-Perot
detectors were used at a range of 1 m from Norman Wells crude oil in a beaker.
A CO, TEA laser with a 100 ns pulse was used as the source. Oil thicknesses
from 0.6 to 32 mm were investigated. The results were very encouraging in that
consistent thickness estimates could be achieved, with high signal-to-noise ratios.
Experiments on the angle of illumination showed that both the Fabry-Perot and
heterodyne detectors were very sensitive to this parameter. The Fabry-Perot
approach was relatively insensitive to small waves (made by blowing air over the
oil), but the heterodyne system was unable to detect the return echo under these
conditions.

Although the resolution of oil thickness using this approach is very high, since it
depends only on the ability to resolve the return signal in time, typically a few ns,
the accuracy of thickness measurement depends on knowledge of acoustic velocity
in the oil. For an unknown oil this might be +25%, but for a known oil would
be much less.

‘Because of the high dependence on angle, care will be required in the design to

allow detection when the oil/ocean surface is perpendicular to the detecting laser.
Also autofocus and focus tracking will likely be required.

Successful tests were made with the Fabry-Perot detector at a range of 15 m and
the source laser at 2 m. The source laser could not be placed much further from
the oil, but it is believed that this limitation can be overcome with appropriate
lenses. Effects of fog, rain, bright sunshine, etc. are not yet known. Tests are
suggested to assess these factors.

An interesting idea which emerged out of the work was the possibility of
estimating the viscosity of the oil by evaluating the ultrasonic dispersion suffered
by the acoustic pulse. Viscosity estimates would be of substantial interest for
oilspill countermeasures.
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2.2 Optothermal Techniques

It had been suggested that measurement of the rate of diffusion of a thermal pulse

~ set up on an oil layer might be related to its thickness. A theoretical estimate by

IMRI suggested that this might be feasible, since the thermal contrast at the oil-
water boundary would appear to be sufficient. Further theoretical calculations
were made, and it was determined that the observation period required for evea
a thin layer (< 1 mm) was on the order of several seconds. Some experimental
measurements were made on oil layers 0.3 to 1.2 mm thick, which tended to
confirm the theory. It appears that there are a number of complicating factors,
especially convection, which indicate that this approach will not give a diagnostic
thickness measurement.

A second approach was also investigated, called thermally-stimulated
spectroscopy. The oil is irradiated at a wavelength which essentially penetrates
and heats the full thickness of the oil layer but not the underlying water. Then
the oil layer is "probed” at two or more wavelengths which have differing
absorption lengths. The ratio of the responses is indicative of the oil thickness.

Some initial tests were completed to evaluate this concept. Although the results
were encouraging, they were hampered by lack of appropriate equipment for a
thorough evaluation. Further tests are suggested.

2.3 Comparative Analysis
A comparison of the two approaches is given in Table 1. Several points emerge.

The laser ultrasonics has demonstrated its ability to measure oil thickness in the
laboratory; hence it clearly warrants further investigation. The optothermal
approach still requires conclusive demonstration, but this may be possible with
relatively little effort. However, until further testing (laboratory and perhaps
airborne) is complete, the technical risk associated with both approaches is sall
fairly high.

It is likely that the two approaches are complementary in the sense that the
optothermal would be best for thin oil (< 1 mm thick), whereas the laser
ultrasonics is only effective for oil > 1 mm thick. A better defined functional
requirement will be needed to determine whether the cost of both systems would
be warranted.

Although less advanced than the laser ultrasonics work, the optothermal approach
appears to warrant further investigation because, if successful, it could be
implemented with smaller and far less complex equipment than the ultrasonics.
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Measurement accuracy would likely be comparable, but resolution would likely
be lower. It is not known whether other significant parameters, such as viscosity,

could be estimated.

Work is still needed to assess how either approach would be affected by
environmental factors, such as rain, fog, snow, waves, sun, etc. Some effort to
estimate these effects could likely made before fuil field testing.

Table 1 Comparison of Oil Thickness Technologies

Paramater

Oil type

Oil thickness
Accuracy
Resolution

Spot size

Other parameters

Technical complexity
Technical risk
Development cost
Cost per unit
Aircraft restrictions
size estimate

weight estimate

weather constraints
waves

Laser Ultrasonics

Al

>1 mm

+25% (unknown oil)
<1%

Cm?

Viscosity?

High

Medium-high

>$1lm

$300K?

Flying hight <20m?
0.5-1.0m*

250-500 kg?

Precipitation?, fog
Probably OK

Thermal Spectroscopy

Most

<1 mm
+10%?
+10%?

Cm?
?

Medium
High
$250K?
$100K?

?
0.2-0.5m?
<200 kg?

Precipitation?, fog
2
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3. IMPLEMENTATION FACTORS
3.1 Market Assessment

Although a quantitative market assessment was not undertaken, we estimate that
the world market for such a device, if available, might be 8 to 10 units worldwide
over 5 to 10 years. Likely locations for such a device, which would not be used
greatly except in spill situations, might be one unit per continent, plus several in
Europe and one on each coast of North America.

At a selling price of $250,000 to $500,000 per unit, the market size would be $2
to S million. Since development costs are likely to be at least $1 million, this
device will not be developed with commercial risk capital. Therefore,
development costs will have to be borne by agencies with operational requirements
for this type of equipment.

3.2 Development Team

Several different types of skills will be required to carry the development through
to implementation, including research and development personnel and facilities,
equipment manufacturer, aircraft instrumentation specialists, and experimental test
groups. IMRI clearly has the expertise to undertake the research needed and have
unique optics facilities. The firm of Ultra Optec are already commercializing

some of IMRI’s technologies and have expressed interest in doing the same for
this development.

Several Canadian firms have aircraft equipment capability, including Barringer
Research, Intera Technologies, MPB, CAL, etc. One of these should be selected
to be involved in the project well before airborne trials begin.

It may be appropriate to have a field experimental group involved to co-ordinate
the various activities from research to development. Canpolar has taken on this
task in other field and laboratory projects, and would be prepared to take on this
project if required. }

It appears that the key skills to complete this project are available in Canada.
Funding will be required and may come from a combination of Canadian and
American sources. Development should be phased so that go/no-go decisions can
be made at key milestones until the technical uncertainties described above are
reduced or eliminated.
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4, CONCLUSIONS AND RECOMMENDATIONS
4.1 Conclusions

The project team (see Table 2) met at IMRI on March 9, 1990 to review the
project and plan the next stage. The following conclusions were reached:

1. Laser ultrasonics appears able to measure oil thickness remotely and
further development work should be undertaken.

2.' Thermal diffusion is not a practical approach and should not be pursued.

3. Thermally-stimulated spectroscopy shows promise and further laboratory
tests should be undertaken to confirm the analytical work.

4. The funds required for develdpment would likely be available from
Canadian-U.S. joint projects.

5. IMRI would put together a proposal for Esso which would be circulated -
to appropriate agencies.

6. The overall development plan would be:
- summer 1990 - further extended laboratory tests at IMRI;
- fall 1990 - minimal local airborne tests using government aircraft; -
- winter 1991 - start prototype fabrication.

4.2 Recommendations
Based on the results described above, the following recommendations are offered:

1. The laser ultrasonics and thermally-induced spectroscopy should both be
investigated further in the laboratory, leading to field trials when technical
feasibility has been demonstrated. The cost of field trials could be substantially
reduced by use of tank test facilities to evaluate response due to waves, sun,
altitude, etc.

2. These techniques should be compared to other oil thickness measurement
approaches (such as microwave spectroscopy) being pursued elsewhere before a
substantial prototype fabrication task is begun.
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3. The cost-benefits of various measurement approaches should be assessed
in the light of operational functional requirements. For example, the benefits of
measuring the thickness of thinner vs thicker oils, measurement accuracy required,
importance of other information (such as viscosity) will need to be specified
before meaningful comparisons of several technologies can be made.

4, A multi-disciplinary project team (including aircraft equipment specialists)
should be involved in the project in order to carry the implementation through to
commercial devices smoothly. Participants who will not have an active role until
later in the development process should still be involved to bring their expertise
to the planning stages.
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ABSTRACT

This repont describes laboratory measurements of the thickness of an oil layer
fioating on a water substrate using laser-ultrasonics. Ultrasonic waves are generated
at the surface of the oil in the thermoelastic regime with a pulsed COz laser and
detected with either a Helium-Neon laser coupled to a heterodyne displacement
interferometer, or a Nd:Yag laser coupled to a Fabry-Pérot velocity interferometer. The
thickness of the oil layer is calculated from the time delay between the ultrasonic
surface pulse and the ultrasonic echo reflected by the oil-water interface. This time
delay is precisely measured by a crosscorrelation method, which has a high precision
even with low signal-to-noise ratio data. Measurements were performed with oil
thickness ranging from 0.6 mm to 32 mm, using Norman Wells crude oil floating on tap
water. Oil thickness above 1 mm was successfully measured by the crosscorrelation
method. Below 1 mm, the ultrasonic interface echo was not observed, because, at
ieast in pant, of the very large step-like surface deformation and the too-slcw recaovery
of the interferometer. The accuracy is in general essentially limited by the knowiedge
cf the ultrasonic velocity of oil.

To estimate the eifect of the waves or of the motion of the aircraft on the
technique, measurements were performed while blowing air over the cil and agitating
the beaker. Good results were obtained with the Fabry-Pérot system, which was
provided with large 15 cm input lens aperture and the thickness variations due to the
perturbations were easily monitored in real-time on an oscilloscope. The signal-to-
noise ratio of the ultrasonic signals was quite constant for angles of incidence of the
receiving laser beam with the normal to the oil surface in the range * 1.4°, the input
lens of the interferometer being 1.5 m away of the oil surface. On the other hand, the
heterodyne interferometer was very sensitive to the perturbations, and it was difficult to
monitor the oil thickness in real-time on the oscilloscope. Indeed, the signai-to-ncise
ratio of the ultrasonic signals rapidly decreased with increasing angle of incidence of
the receiving beam with the normal to the oil suriace in the range + 0.4°.

Some measurements were successfully performed with the Fabry-Pérot velocity
interferometer 15 meters away from the oil surface, the COz2 laser being shot 2 meters
away from the oil surface. When the CO2 laser was located at 15 m, the ultrasonic
echo was not observed because the energy density was tco low for adequate
generation.

 This report includes several recommendations concerning the design of a
prototype system, the tests to be conducted at a pilot facility and several additional
tasks. In particular, it is recommended that the prototype include a CO2 laser, a YAG
system similar to the one used and a Fabry-Pérot receiving interferometer. Among the
additional tasks, the effect of waves, wind, rain, fog should be assessed with a simple
experimental setup which measures back-scattered light. It is thought that additional
computer modelling of the generation and detection processes is needed, in particular
in order to find the best Fabry-Pérot mirror configuration. It is also recommended to
perform several studies in the laboratory which could allow the determination of
parameters important to the oil slick spreading or to allow the measurement of thinner
oil layers. The cost of a prototype is also estimated.



2

.

>

[
e

1. LASER-ULTRASONIC THICKNESS MEASUREMENT

In the first section of this chapter we briefly present the principles of laser-
generation of ultrasound, and wave propagation in an oil layer on an infinite water
substrate. In the second section we outline the two methods of laser-detection of
ultrasonic waves used in the experimental section, i.e., heterodyne displacement
interferometry and velocity interferometry. The signal processing procedure to
measure the oil thickness is given in the third section and finally the diffraction
correction on the time delay are calculated in the last section.

1.1 Laser-generation and propagation of ultrasound

At low power density, below the vaporization threshold, a laser puise incicent
on a material generates accustic waves by thermal expansion (thermoelastic etfect)!.
The amplitude and the time dependence of the generated ultrasonic puise depends
upon the optical, thermal and acoustic parameters of the material, and upon the laser
pulse time variation. The theoretical ultrasonic wave generated in a composite
material, such as an oil layer on a water substrate, can be calculated by resclution of
the coupled equations of thermal conductivity and motion2. In practice in this case
heat diffusion is negligible and the depth of the heated zone is given by the optical
panetration 1/a (typically 100 um at CO2 wavelengths in oil, see Table 1). For oil layers
thicker than the optical penetration depth generation takes place only in cil and can be
understood qualitatively as sketched in Figure 1 a-b..

Figure 1a shows a buried uniformly heated layer which expands in both
directions. At a given observation point inside the medium, one observes the arrival of
a positive pressure variation (compressive stress), then a negative pressure variation
(tensile stress) delayed by the propagation time tthrough the layer (for 100 um layer,
- 77 ns). The time variation of each of the pressure changes correspond to the integral
of the laser pulse. It then results in a unipolar bell-shaped time variation for the
pressure. Because of the linear relationship between pressure and strain, the strain
follows the same variation. Since we are in the case of a plane wave variation, i.e.
pressure, strain, velocity and displacement are fonction of z - ct and 9/0z = -C d/ot, the
particule velocity follows the same variation as well (¢ is the velocity of propagation).
Displacement is obtained by integrating velocity and has consequently a step-like
variation.
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When the layer is at the surface, which is the case here, the stress at an

 observation point is the sum of a direct and a delayed reflected pressure pulses

(inverted because of the free boundary). It then resuits a bipolar variation of the
pressure. Strain and particule velocity follow the same variation. Displacement is
obtained by integration and has therefore a unipolar bell-shape. This corresponds to
the variation of the ultrasonic displacement signal which is observed at the oil surface
after reflection by the oil-water interface. It should be noted that the initial surface
displacement is simply the integral of the laser pulse and has therefore a step-like
variation (fig. 1-c). In general, there is no simple relationship between an ultrasonic
echo and the surface deformation. In the case where the propagation time t through

the heated layer is much smaller than the pulse duration, the ultrasonic displacement

echo follows in good approximation the laser pulse variation and the derivative of the
initial surface deformation. In this case, proper gauging of the layer thickness can be
obtained by cross-correlating the ultrasonic echo with the derivative of the surface
deformation.

Additional insight can be obtained from the papers of Gournay3 and Bushnell
and McCloskey4. The phenomenon can be viewed as the generation of pressure
waves by the thermal expansion of many elemental layers. Each layer gives pressure
waves which propagate in both directions and which reach the observation point at a
well defined later time, given by the distance between the layer and the observation
point divided by ¢. The wave which is reflected by the free surface is inverted. Fig. 2a
illustrates this explanation for instantaneous energy deposition and exponential
absorption (absorption length = 1/a). The displacement is deduced from the pressure
by integration. Figure 2b shows the pressure and displacement pulses in the case of
finite laser pulse duration. These results are deduced from the ones of fig. 2a by
convolution with the laser pulse. As noted above, when 1 << laser pulse duration, the
ultrasonic displacement follows the laser pulse variation and cross correlation with the
derivative of the initial surface displacemé;nt is then a perfectly appropriate procedure.

However, we are not in this simple case, since tis of the order of the pulse
length duration. A computer program based on the solution of the coupled equations
(neglecting heat diffusion) was used to predict the various variations. (The results of
ref. 3 and 4 could have been used as well for layers thicker than 1/a, the program is
more general and allows absorption in the substrate). The results are shown in figs. 3
and 4 using the parameters of the Table | and a pulse length duration of 100 ns



(as_sUming a gaussian shape). It is observed in Fig. 4 that the ultrasonic pulse has in
good approximation the same variation as the derivative of the surface deformation.

Once the ultrasonic pulse has been produced in the oil medium by
thermoelasticity, it is then reflected by the interface oil-water towards the oil surface
where it can be detected. It should be noted that a large fraction of the acoustic energy
is transmitted into the water, since the acoustic impedances of oil and water are very
close. The acoustic reflection coefficient (for the pressure) is given by:

R = (Pwater Cwater - Poil Coil) / (Pwater Cwater + Poit Coi) = 0.18 (1)

where p is the density and c is the ultrasonic velocity. The first and second echoes

. reflected by the interface oil-water wili thus have an amplitude 15 dB and 30 dB

respectively below the surface pulse amplitude. Therefore in practice the second echo
may be barely seen so a cross correlation between echos may be difficult. Therefcre,
in order to measure the thickness of ail, crosscorrelation of the first echo with the
surface initial displacement derivative appears to be the best approach.

Acoustic attenuation also decreases the amplitude of the interface echo. This
attenuation is difficult to estimate a priori, since it is strongly dependent on the type cf
0ild. It has a {2 general variation, f being the ultrasonic frequency, but the absolute
attenuation ranges from 0.03 to 35 dB/m at 1MHz depending on the type of oil.

1.2 Laser-detection of ultrasound

Concerning the optical detection of ultrasound, two methods based on optical
interferometry have been usedS. Both permit measurement of the ultrasonic motion
along the line of sight, i.e. the normal motion when the probe beam is sent
perpendicularly to the surface.

The first method, called optical-heterodyning7,' consists in making the wave
scattered by the surface interfere with a reference wave directly derived from the laser,
and is sketched in figure 5. Such a technique is sensitive to optical speckle and the -
best sensitivity is obtained when one speckle is effectively detected. This means that
the mean speckle size on the focusing lens has to be about the size of the incoming
beam and that this beam should be focused onto the surface. Therefore, this technique
generally permits measurement of the ultrasonic displacement over a small spot,
which in the MHz range can be considered as giving point-like detection. |
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~ The second detection method, called velocity interferometry or time-delay
interferometrys. is based on the Doppler frequency shift produced by the surface
motion and its demodulation by a confocal Fabry-Pérot interferometer having a filter-
like response (see figure 6). This technique is primarily sensitive to the velocity of the
surface and is therefore very insensitive to low frequencies. The filter-like response is
obtained by giving a path delay between the interfering waves within the
interferometer. Unlike optical heterodyning, this technique permits collection of many
speckles and allows a large detecting spot (several mm and even more).

Experiments on oil thickness measurements have been performed with both a
heterodyne displacement interferometer’/ and a confocal F’abry-F’érot8 velocity
interferometer. The detecting laser beam is superimposed with the generating laser
beam on the surface of the oil. The time delay is measured by crosscorrelation of the
derivative of the surface displacement pulse with the ultrasonic pulse reflected at the
oil-water interface.

1.3 Time delay measurement by crosscorrelation

The procedure we have used is based on the crosscorrelation of consecutive
pulses9 and is illustrated in figure 7 with data taken with the heterodyne interferometer
on a 6.4 mm thick oil layer on water. To measure the time delay due t0 ultrasonic
propagation in the oil layer, the initial surface displacement and the echo reflected by
the interface are first identified. Tc eliminate the low frequency component of the
signal, we process the first and second derivative of the ultrasonic displacement. The
experimental displacement and the corresponding derivatives are shown in Fig. 7-a.
Two portions of the data curves, one including the surface pulse and the other the
interface echo are then selected. The interface echo is selected in the data of the first |
derivative in a window of length T = 5 us starting at time t{ = 10 us. The surface pulse
is selected in the data of the second derivative, since its waveform corresponds
approximatively to the derivative of the interface echo waveform, in a window of same
length starting at time t2 = 0 us. Both data portions are then normalized to the same
energy and their mean value is set to zero (dc offset elimination). Normalized and
mean value corrected data portions are shown in figure 7-b and 7-c. The result of

crosscorrelation of the two data portions is given in figure 7-d. The coarse delay
between the two windows is Tg = ta-t1 = 10 us. The maximum of the crosscorrelation

gives the fine delay T§ = 0.161 ps. The round trip time tox corresponding to the
propagation time of the longitudinal pulse over two layer thickness is therefore :
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tay = Te - Tg=9.839 us e

which gi\)es an oil thickness x = 6.395 mm with a theoretical oil velocity of 1300 m/s.
This procedure does not require the knowledge of the initial time and the
determination of the exact waveforms of the ultrasonic echoes. It uses the whole shape
of the signals, and therefore diminishes the effect of local uncorrelated noise: in spite
of low signal-noise ratio, the maximum can be precisely measured.

Additionally, the ultrasonic phase velocity dispersion can be measured from
frequency analysis of the crosscorrelation between surface pulse and interface echo-
The phase of the Fourrier transform of this crosscorrelation signal gives the phase
velocity as a function of frequency10. Figure 8 shows the ultrasonic phase velocity of
the Norman Well's oil measured from the experimental data of figure 7. It is observed
that the dispersion is lower than 1 % in the frequency range 1 to 9 MHz. Such
cispersion is related to viscosity which is an important parameter for oil slick
spreading. Such data indicates that it may be possible to get some information on oil
viscosity but, in order to fully clarify this aspect, further studies would be needed, since
other phenomena may contribute to ultrasonic dispersion..

The precision of the time delay measurement by crosscorrelation can be readily
evaluated by differentiating the formula x = c t relating the oil thickness x to the
ultrasonic velocity ¢ of the oil and the propagation time t :

dx/x = &clc + St , (3)

where 8t is the uncertainty on the time measurement and 3c is the error on the
ultrasonic velocity of oil. Sampling time limitations are eliminated by using an
interpolation algorithm around the maximum of crosscorrelation. The time uncertainty
8t is therefore only caused by the finite signal-to-noise ratio, frequency bandwidth and
measurement time. The error, or more precisely the standard deviation 3t, of a time
delay measurement by crosscorrelation is given by9:

5t = V3/872T +/(1+2 SNR)/SNR? 1/48} -} (4)

where T is the duration of each selected echo, SNR is the signal-to-noise ratio, and f1,
fo are the lower and upper frequencies of the detection system bandwidth. In the case
of the data of figure 7, we have T = 5 us, f{ = 1 MHz, fa = 10 MHz, and SNR = 20 dB,
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hence giving an error & ~ 1 ns. To enhance the precision, either the signal-to-noise
ratio or the time duration T should be increased.

]

1.4 Correction of the ultrasonic diffraction

Finally, as it is done for conventional ultrasonics!1, the measured phase
velocity must be corrected for the effects of diffraction. Ultrasonic diffraction is caused
by the finite size of the source and the finite size of the receiver and is known to bring a
frequency dependent time bias on the time delay measurement? 1.

With the heterodyne interferometer, the detecting laser beam is focused on the
surface of the oil to a small spot of the order of 100 pm. The interferometer can thus be
considered as a point-like detector in the MHz ffequency range. For a point-like
detector, the correction which must be applied to the measured time delay can be
estimated by9:

dut = a2/16x2 (9)

where a is the radius of the generating laser spot, and x the thickness of the sample.
For the example of figure 7, the generating spot radius is a = 2 mm and equation (5)
gives a correction of -0.6 % or -0.060 pus, hence a calculated thickness of 6.356 mm.

With the Fabry-Pérot velocity interferometer, the detecting laser spot is
approximately the same size as the generating laser spot, on the order of a few
millimeters. In the megahertz frequency range, the plane wave approximation can thus
be madel2, i.e. the dimensions of the source and receiver are larger than the
ultrasonic wavelength, and the diffraction corrections are negligible.

1.5 Accuracy of the thickness measurement

As seen in the previous sections, the precision on the time delay is of the order
of a few nanoseconds and the effect of the diffraction is of the order of a few percent.
Equation (3) shows that the accuracy of the measurement is also limited by the error in
the ultrasonic velocity. Since the ultrascnic velocity of various oils may vary between
950 m/s to 1500 m/s S, the thickness estimate will be accurate to about + 25% if the
properties of the oil are completely unknown.
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2 MEASUREMENTS WITH THE HETERODYNE INTERFEROMETER

2.1 Experimental cet-up

The experimental set-up is sketched in figure 9. The generating laser is a
puised TEA CO2 laser (model PRF 150G of Laser Science) operating at 10.6 um
wavelength and giving typically 60 mJ energy per pulse with a pulse duration of ~ 100
ns (plus a weak longer tail). The laser beam is free-expanding and gives at the surface
of the ail a spot of ~ 4 mm diameter. The receiving laser is a continuous HeNe laser of
0.634 um wavelength and 5 mW power, and is coupled to a heterodyne displacement
interferometer’ (model OP-35-O of Ultra-Optec). The input lens of the interferometer
has a 25 mm {~ 1 cm diameter effectively used) diameter and is 1 m away of the oil

-surface. The receiving laser beam is focused onto the surface of the oil to a near-

diffraction limited spot of diameter of the order of 100 um, approximately centered on
top of the generating laser spot. The reflection of the receiving laser beam by the
surface of the oil is specular, since the surface is smooth and mirror-like. The light
reflectivity of the oil at 0.634 um has been measured and is equal to = 4 %. Seven
different samples with oil thickness ranging from 0.6 to 32 mm were studied during the
experimental phase of December '88 at IMRI. The precision on the oil thickness is
limited to 5 % by the scales of the beakers. All measurements reported in section 2.2
were performed within 3 hours to limit the effect of evaporation of the volatile
components of oil.

2.2 Qil thickness measurement

Figure 10 shows the ultrasonic waveforms detected at the surface of the oil with
the experimental set-up of figure 9. These experimental waveforms are in good
qualitative agreement with the theoretical waveform of figure 3. The signal-to-noise
ratio is 6 dB for single shot data and 20 dB for averaged data, hence giving a typical
time delay error of 3 ns and 1 ns, respectively. The signal-to-noise ratio is evaluated
from the signal spectrum by taking the ratio of the peak spectral compoment of the
signal to the noise average level (as shown below in fig. 22b). Since the
interferometer has a finite bandwidth, ranging from 500 KHz to 35 MHz, the low
frequencies are filtered, resulting in a large low frequency oscillation instead of the
continuous step of figure 3. The interface. echo is clearly seen on oil thickness above
2.3 mm. On the other hand the interface echo is not apparent on the 0.6 mm thickness
sample and is lost in the surface pulse. The crosscorrelation procedure described in
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section 1 was applied to the data of figure 10, and the resuits are shown in figure 11,
which shows the variation of the time delay measured by laser-ultrasonics versus the
oil thickness. The signal-to-noise ratio is such that the time error is small and the points
of both single shot and averaged data are superimposed. The horizontal error bars
correspond to the error on the thickness, which has been estimated from the volume of
oil added to a beaker of known diameter. The precision in the added volumes is + 5%,
hence a precision in the thickness of + 5%. Linear fits were performed on the data of
figure 11, and the regression lines are plotted in the same graph.

2.3 Estimation of the effect of the waves

To estimate the effect of the waves and of the motion of the aircraft,
. measurements were performed with the same set-up while blowing air over the oil with
a fan and agitating a beaker of 20 cm diameter. This procedure produced a low
frequency motion of the surface, and the reflection of the receiving laser beam was
always specular. t is not clear however if this corresponds to the real case of oil on
sea water, but it is suspected that the surface of the oil will be a good approximation of
a mirror, due to the viscosity of the oil and the low temperature of the sea. it was
impossible with the surface perturbations to monitor the interface echo on the screen
of the oscilloscope with a 50 Hz pulse repetition frequency of the generating laser. The
motion of the oil modified the angle of the receiving laser beam with the surface, hence
sending the receiving laser beam outside the effective i,npUt aperture of the
interferometer. '

The effect of the angle of incidence of the receiving laser beam with the normal
to the surface of the oil on the signal-to-noise ratio was estimated, and the results are
shown in figure 12. It is clear that the signal-to-noise ratio gradually decreases with
increasing tilt, down to zero at + 0.45°. It should be noted that the signal stays constant
up to + 0.3° because the interferometric system used has a gain-controlled circuit
which maintains constant the fringe amplitude at the offset frequency (Bragg
frequency) . Beyond 0.3° angle, the signal decreases as well, because the fringe
amplitude becomes out-of-range of the gain-controlled circuit. Since the beam is
focused onto the surface, the effect of the tilt is to translate the return beam in front of
the detector until it does not overlap anymore with the reference beam, as sketched in
fig. 13a. 0.3° or 5 x 10-3 rd between the incident laser beam and the normal to the
surface gives an offset of the reflected beam on the front lens of 2 x 5 10-3 x 1000 ~ 10
mm for a distance of 1 m. This value corresponds to the size of incident beam on the
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front lens, which is the effective receiving aperture of the receiver. The theoretical
variation of the decrease of the signal-to-noise is plotted in fig. 13b. It can be easily
shown that this variation is proportional to (2/x) (8 - sin 8 cos 8) where cos 8 = §/a, 5
being here the offset and a the beam diameter. Note that the slope of this function is
equal to - 4/r when 8 = 0 and 0 when & = a. This theoretical variation is in qualitative
agreement with the data of fig. 12. Quantitative verification was not possible because
the noise in this data originated partially from the limitation introduced by 8-bits
sampling.

2.4 Quantitative measurement of the initial surface
displacement and of the ultrasonic echos

The same experiments were performed again in December 1989 and January
1990 at IMRI in order to evaluate quantitatively the displacements produced by a given
energy density of the CO» laser. The results are shown in fig. 14 a-b and show that
the surface displacement d can be very large and that a phase shift 4 zd/A larger than
n/2 can be obtained easily (A is the optical wavelength). For these measurements, the
latest version of the heterodyne probe OP-35-O of Ultra-Optec set at a low frequency
cut-off of 10 KHz was used. The output of this probe is proportional to sin 4 nd/A and
reaches a maximum equal to ~ 1.9 v when sin 4 n&/A = 1. When sin 4 rd/A = 1, which
was found to occur for energies between 10 and 26 mJ, the sensitivity to an additional
small displacement (e.qg. ultrasonic) is zero. The polarity of the signal corresponding to
ultrasonic displacement should change sign when the energy goes through this signal
saturation limit and this is verified by comparing fig. 14a and fig. 14b. Calibration of
the probe can also be deduced from these measurements. The probe responsivity is
therefore equal to 1900 4 A (mV/A) or 3.77 mV/A and the calibration factor is equal to
0.27 A/mV. This value is different from the value 0.45 A/mV deduced from the
measurement with a RF spectrum analyser of the ratio of the sidebands to the central
carrier when continuous ultrasonic excitation is applied. At this time, the reason of this
discrepancy is unclear. o

Quantitative displacements for a given energy density follow from the data of fig.
14 and the determination of the beam size. The beam diameter 2w was evaluated to ~
6 mm at half maximum power. Assuming a gaussian shape, the total energy of the
pulse E is related by the energy density at center Qo by:

E =Q,nw2/In2 | (6)
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In the case of fig. 14b, the energy used is ~ 26 mJ, which gives an energy
density of ~ 0.064 J/cm? at center. The phase shift being ~x, the displacement is then
~ A4 = 0.16 um, which corresponds to ~ 2.5 um/(J/cm?2). The theoretical surface
displacement can be readily evaluated by calculating the expansion of a heated layer
dz at depth z beiow the surface,

h(z) dz )

ds=Bd
P Z(PdeZ (7)

where the factor between brackets represents the temperature increase of the layer. B,
p. Cp are the linear coefficient of thermal expansion, the density and the specific heat,

respectively. h represents the heat source term. After integration through depth it
follows :

Q(1-R)
5= LUR)
P P Co (8)

where Q is the energy density and R the optical reflection coefficient. Using the values
of Table 1, we find § ~ 1.2 um/(J/cm?), which is in reasonable agreement with the
measured value.

Concerning the ultrasonic displacement observed at the surface after reflection
by the interface water-oil, it is observed to be much smaller than the initial surface
elevation by ~ 56 x 0.45 / (A/4) ~ 1.6% the initial surface displacement (taking a
calibration factor of the probe equal to 0.45). Theory4 indicates that the maximum
displacement of the travelling wave is 3 apQ(1-R)/pCp where a is a factor which
depends upon the ratio of the pulse duration to propagation time through the
penetration depth (in our case ~ 100/77 = 1.3 according to Table 1). According to fig. 4
of ref. 4, a ~ 0.23 in this case. Therefore, the maximum displacement of the ultrasonic
travelling wave propagating through oil is about the same as the initial surface
elevation. The small ultrasonic displacement observed at the surface is caused by the
weak interface reflection which appears consequently much weaker than the one
calculated from the data of Table 1 and also, possibly, by some ultrasonic absorption.

Finally, these experiments show that in order to avoid a possible black-out of
sensitivity, such a probe should be configurated with a low frequency cut-oft adjusted
to a sufficiently high value, in order to have fast recovery. A value of a few MHz is
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desirable in order to probe layers below 1 mm (1 mm gives a separation between
initial pulse and interface echo of ~ 1.5 ps). 4

Other data collected at the same time as the one of figure 14 a-b seems also to
show that the oil surface deformation does not increase linearly with energy density
but this does not appear conclusive and this point will require additional experiments
to be made completely clear.
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3. MEASUREMENTS WITH THE FABRY-PEROT INTERFEROMETER

3.1 Experimental set-up

The experimental set-up is sketched in figure 15. The generating laser is the
same pulsed CO2 laser of section 2, focused at the surface of the oil to a spot
estimated to 4 mm in diameter (6 mm measured in December 1989). The receiving
laser is a pulsed Nd:YAG laser of 1.06 pm wavelength, and is coupled to a confocal
Fabry-Perot velocity interferometer described in reference 8. The input lens of the
interferometer has a 15 cm diameter and is 1.5 m away of the oil surface. Because of
the low reflectivity of oil and of the various losses along the optical path only 1.25 mW
was received by the detector. The reflectivity of the oil at 1.06 um was measured 1o be
4.5 %, which is almost the same value as the reflectivity measured for the HeNe
wavelength. The receiving laser beam is focused onto the surface of the oil to a
diameter estimated to 6 mm (4 mm measured in December 1988), on top of the
generating laser spot. Six of the seven different samples of section 2 were used, but
the thicknesses were different since some of the oil had evaporated. in the beaker
corresponding to the previous 32 mm thickness, only 150 mi of oil was left instead of
the initial 200 ml. The oil thicknesses were calculated using this evaporation rate, and
ranged between 0.7 to 28 mm.

3.2 Oil thickness measurement

Figure 16 a-b shows the ultrasonic waveforms detected at the surface of the oil
with the experimental set-up of figure 15. The signal-to-noise ratio is 10 dB for the

* single shot data, hence giving a typical time error of 2.5 ns. The interface echo is

clearly seen for oil thickness above 2 mm. On the other hand the interface echo is not
apparent on the 0.7 mm thickness sample and is lost in the surface pulse. The
crosscorrelation procedure described in section 1 was applied to the data of figure 18,
and the results are shown in Figure 17. As for the heterodyne interferometer, the
signal-to-noise ratio be such that the time error is small, the points of both single shot
and averaged data are superimposed. The horizontal error bars correspond to the
error on the thickness, estimated to + 10 % since the exact rate of evaporation has
been measured on the scale of a beaker. Linear fits were performed on the data of
figure 17, and the regression lines are plotted on the same graph. -
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- 3.3 Estimation of the effect of the waves

To estimate the effect of the waves and of the motion of the aircraft,
measurements were performed with the same set-up while blowing air over the oil with
a fan and agitating a beaker of 20 cm diameter. Unlike with the heterodyne
interferometer, it was possible to monitor in real-time the interface echo on the screen
of the oscilloscope with a §0 Hz p.r.f. of the generating and receiving lasers. The
signal-to-noise ratio allowed monitoring the variations of the thickness of the oil due to
agitation. The effect of the angle of incidence of the receiving laser beam with the
normal to the surface of the oil on the signal-to-noise ratio was studied, and the results
are shown in figure 18. The signal and the signal-to-noise ratio does not vary too much
in the range * 1.4, i.e., as long as the specular reflection from the oil is inside the input
lens. The cut-off angle predicted by the size of the input lens and the distance is ~
7.5/(2 x 150) = 0.025 rd ~ 1.4°. The theoretical variation of the signal-to-noise with tilt
angle is in this case square-like and is plotted in figure 19. The variation expected
from an heterodyne detecting probe having the same aperture is plotted also for
comparison. This theoretical variation is in qualitative agreement with the data of
figure 18. Quantitative verification was not possible because the noise in these data
was dominated by digitization.

3.4 Measurements 15 meters away from the sample

To study the effect of the distance on the technique, measurements were
performed with the confocal Fabry-Pérot interferometer with the receiving unit located
15 meters away from the sample. Due to a lack of appropriate infrared lenses, the CO2
laser was not superimposed with the receiving laser, but was shot at angle 2 meters
away of the oil surface. The experimental set-up is sketched in figure 20 and the
corresponding waveforms are shown in figure 21, The signal-to-noise ratio of the data
is a little lower than for the 1.5 m remote configuration and is equal to 6 dB. This set-up
was more sensitive to the orientation of the receiving laser beam with the surface, and
as with the heterodyne interferometer, it was impossible to monitor in real-time on an
oscilloscope the thickness of the oil while agitating the surface.

A final experiment was performed with the generating and receiving laser beam
colinear, and 15 meters away of the oil surface. The signal-to-noise ratio was thus too

low to detect the interface pulse. Since no optical components were available to focus
the COg4 laser, the generating spot had a 25 mm diameter on the oil surface, with an
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energy per pulse of 36 mJ. The energy density of the generating laser is thus
approximately 65 times lower than with the experimental set-up of figure 15, which
gives a signal-to-noise ratio 36 dB lower. This problem can be overcome by a suitable
2 lens optical combination which will project a 6 mm beam waist at 15m.

3.5 Received power and signal-to-noise

Additional data were taken in November and December 1989 with complete
recording of all power, signal and noise levels. A layer of oil 5 mm thick was used.
The conditions of one experiment were the following:

COzy laser: power 57 mJ, spot diameter ~ 6 mm

YAG receiving laser: adjusted to give 11 mW average power onto the oil
which corresponds at 50 Hz prf and with 60 us long
pulses to ~ 4W peak.

Detector YAG 100 of EGG: received power ~ 5 mW peak.

The power loss is accounted by the surface reflectivity (~ 4.5%), by the loss of
one polarization because of fiber coupling and of the use of a polarizing cube in front
of the Fabry-Pérot {~ 50%), by the transmission of the Fabry-Pérot when properly
stabilized (~ 25%) and by the losses introduced by the fiber and various optical
surfaces (transmission ~ 22%).

The results of this experiment are shown in figure 22 a-b. Figure 22a shows the
recorded signal (a 1 MHz high pass filter was used), figure 22b displays the spectra of
the signal within the window 5 - 12 us which comprises the first echo. From this
spectra, we deduce a signal-to-noise ratio of ~ 35 db. It should be noted that even
better results would be obtained by reducing the losses with better coatings and
reducing the number of optical elements. A gain of ~ 3 in signal-to-noise is then
possible in the case where the only losses originate from the surfaces and the Fabry-
Pérot. It should also be noted that the Apvo’wer used (~ 4 W peak) can be obtained with
a single amplification stage YAG system instead of the two-stages KW system which
was used and which was strongly attenuated to perform these experiments.
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4. CONCLUSIONS AND RECOMMENDATIONS

_4.1» Conclusions

The main general conclusion which follows from this work is that the thickness
of an oil layer on top of water can be measured by a laser-ultrasonic technique, at
least it this layer is thicker than 1 mm. The accuracy appears essentially dependent on
the knowledge of ultrasonic velocity of cil. For layers thinner than 1 mm, the ultrasonic
echo is lost within the surface pulse or in the dead response interval of the
interferometer (see recommendation, below). It is however possible to certify that the
layer is less than 1 mm by observing the surface pulse and the noise level. Generally,
it will be known beforehand that the echo has to be above a cenrtain fraction of the
surface pulse. If the signal-to-noise is sufficient and if no echo is observed, it would be
then possible to conclude with confidence that the oil thickness is below this threshold
value. Measurement with a system mounted in an aircraft is judged feasible, but
several tests would have to be conducted first, especially to evaluate the true effect of
waves and wind on the oil surface and the effect of other environmental factors (rain,

fog, ...).

4.2 Recommendations on the design of a prototype system

This system is intended to be used for tests at a pilot facility, such as the one
existing in Alberta and for experimentation from an aircraft. We list below the various
elements of such a system with justifications of the choice which has been made. The
system will include:

- a single optical breadboard
all the lasers and optical hardware will be mounted on this breadboard.

- a generating laser

a CO2 TEA laser, like the one used, appears to be a proper choice. A pulse
duration shorter than the one used (100 ns) will allow the improvement of depth
resolution and the measurement of thinner layers. Other solid state lasers may also be
considered (see below 4.3.3). The laser will fire when enough scattered light from the
detecting laser is received.
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- detecting laser:

A Nd-YAG system operating at 1.06 um is the best choice, since there is no
concern for eye-safe operation and since it is a well developed technology. It is
recommended to build a system like the one at IMRI and like the unit sold by Ultra-
Optec. One amplification stage should be enough, except if future tests reveal
stronger scattering from the oil surface in some field conditions. Two aiternatives are
to be considered regarding the repetition rate, a high repetition system (100 or 200 Hz)
which will allow to catch a signal from time to time or a single shot system which will be
fired when a sufficient light level is received from a continuous probe laser. This probe
laser can be the stable mini-YAG, which is amplified and is part of the detecting laser.
Calculations show that a laser power of a few mW should be sufficient for this purpose; ‘

Such a single shot system is very attractive from the point of view of energy
consumption but it may not work properly since a flashlamp. Nd-YAG amplifier requires
~ 200 ps before reaching its maximum gain. During this time the wave motion may be
sufficiently strong to displace the return beam so it misses the entrance aperture. It
should also be noted that the aircraft motion will cause the probing zone on the
surface to be displaced (a velocity of 100 Km/h gives a displacement of 6 cm during
200 ps), so it can be located on a sufficiently different slope when the measurement is
taken. This point could only be clarified after some study of the effect of the waves and
of the aircraft motion (see below, follow-up work 4.3.1).

- detecting interferometer.

The choice is between an heterodyne and a confocal Fabry-Pérot system. Both
are roughly equivalent from the point of view of complexity and have about the same
sensitivity for mirror-like surfaces. (see ref. 6). We have also seen that the sensitivity to
surface orientation is roughly the same for the same effective aperture (aithough the
variations versus lilt angle are not identical). Both require in practice a single
frequency laser with good frequency stability. For both, means have been devised to
minimize the effect of intensity fluctuations. The confocal Fabry-Pérot performance can
be affected by a strong background source such as the sun. This effect would have to
be assessed and can be minimized by absorbing and interference filters. It can
obviously occur only on a sunny day and at a well defined direction of observation and
therefore does not appear as a severe limitation. On the other hand, an heterodyne
system is sensitive to the optical phase (i.e. it is speckle sensitive) and its performance
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is strongly affected by factors which affects the phase, such as surface roughness or
surface profile variations over the probed area, wind by the modification of the
refracting index and light fog or mist (part of the light received would have been
scattered in the forward direction). This drawback does not occur with the time-delay
type confocal Fabry-Pérot, which can demodulate all the light received within a given .
étendue (throughput). The confocal Fabry-Pérot system is therefore the proper choice
for this application. A spot of 6 mm diameter and a receiving aperture of 25 cm
separated by 25 m corresponds to an étendue of 2.2 10-3 mm2 sr, which is easily
fulfilled by a fairly short unit (length < 15 cm).

. launching and collecting optics.

The generating laser (CO2) spot should be sufficiently small in order to provide
'adequate energy density. A spbt of 6 mm diameter at 10.6 um and 25 m distance
requires a lens size of ~ 5 cm. The detecting YAG spot should match the generating
spot and therefore require smaller size optics. Detection requires as large collecting
optids as is possible. Figure 23 shows a recommended design using a mirror
telescope with a diameter which could be in practice in the order of 25 - 30 cm. An
airborne system will probably need an autofocus system for optimum illumination of
the confocal Fabry-Pérot for any height. The CO2 beam will use most of the area of the
mirror to minimize center clipping and may also need some focus tracking. Focus
adjustments can be omitted for the test at the pilot facility.

- signal detector, digital acquisition system and processing software

The acquisition system can be conviently a PC mounted board and the software
UDASP (Uttrasonic Digital Acquisition and Signal Processing) developed by IMRI and
Ultra-Optec and now commercialized by Ultra-Optec. This software runs on the micro-
computer sufficiently fast to be used during the initial test phase. It is also likely that
this could be sufficient even for the first prototype, since useful data will be produced at
low rate because of the effect of the waves. If more rapid processing is needed, it is
likely that some developments now being performed for the application to material
inspection would be readily applicable.
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4.3 Recommendations on the follow-up work

4.3.1 Assessment of the effect of waves, wind, rain and fog

Since the detection is phase insensitive by the use of a confocal Fabry-Pérot
system, the effect of waves, wind, rain and fog can be assessed by measuring the
amount of light received through the collecting aperture. The experimental setup is
rather simple and is sketched in Figure 24. The laser used will be a mini-YAG
continuous laser (40 mW). A large area detector can be used, thus allowing the use of
a large area Fresnel lens instead of a mirror. Tests should be conducted at the pilot
facility and at sea from an aircraft. At sea, more likely, one could probe only the free
water surface (reflectivity ~ 2%), but by combining with the results obtained at the pilot
facility, one should be able to predict fairly well the effect of waves, wind, rain and fog
on the performance of the system. Particular attention will be paid to the change of
collected light occurring on average during a time interval of 200 ps. It also seems
likely that some information can be derived on the matter from existing LIDAR data.

4.3.2 Modeling and Fabry-Pérot configuration |

It will be useful to choose a Fabry-Pérot mirror configuration which minimizes
the dead detection interval, i.e. a system which recovers rapidly to the giant surface
elevation and has a strong rejection of low frequencies. A system operating in
reflection3 with a non-transmitting second mirror seems to be a better choice than the
system operating in transmission used for the measurements described in this report,
since its response versus ultrasonic frequencies has a zero slope at zero frequency.
However, this will have to be proven by a computer model, which will allow to
calculate the response in the time domaine of the interferometer to the giant surface
displacement step and to the weak ultrasonic displacement superimposed upon it.
Therefore it is proposed to write a PC run software which will calculate the surface
motion using a more realistic laser pulse shape than the Gaussian one used so far
and then the response of the interferometer. ‘

4.3.3 Search for another ‘generating laser

It will be worth to study absorption of various oils at the wavelengths of several
solid state lasers which have recently been developed or are in development (erbium-
YAG, holmium-YAG, ...). Ifit turns out that the absorption length of one of these lasers
is suitable, this laser may represent an attractive alternative to the CO» laser which
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requires compressed gases to operate. The computer model will help to make a final

~ choice.

4.3.4 Bu'ilding and testing a prototype

A prototype, as described above, and which will take into account the
information obtained from tasks 4.3.1, 4.3.2, 4.3.3, should be built and then tested at a
pilot facility and from an aircraft. The cost of the necessary hardware and of the effort
is roughly evaluated in Appendix A.

4.3.5 Other studies

The purpose of these additional studies will be to find out if additional
information can be obtained from the technique, especially if parameters important to
oil siick spreading can be estimated. Among those, it will be worth to study further
vitrasonic dispersion and its relation to viscesity. The variaticn of the surface
deicrmation versus incident energy density deserves also further studies. It will alsc
worth to give some thought to the generation of surface waves, since their dispersion
can give various informations, including surface tension, viscosity and the thickness of
a thin layer14. 15, The low frequencies involved with these waves may however make
the implementation difficult. '
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APPENDIX A

Prototype building and testing.
Duration:  ~ 18 months

Manpower:
2 research engineers at 100 Kiyear

additional technical assistance

IMRI (J.-P. Monchalin, consultant)
4 weeks

Hardware: (assume use of hardware ot task 1)
CO2 laser

YAG receiving laser
{provided by Ultra-Optec)

Fabry-Pérot assembly

Optical Breadboard

Launching and receiving optics
(includes some consulting costs
for optical design).

Miscellaneous optics and
mechanical hardware

PC computer, acquisition board and softw;re

TOTAL:

300 K
200 K

90K
15K
10K
40K

55K
20K

300 K

814 K

21
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TABLE |

Optical, thermal and acoustic properties of oil and water (from Réimer and Rossiterd,
except optical reflectivity of oil measured in this work and optical reflectivity of water
from The Infrared Handbook, W.L. Wolfe and G.J. Zissis ed., Office of Naval Research,

° Dept. of the Navy, Washington, DC, 1978, chap. 3.7.5).
~ OlIL SEA-WATER | TAP WATER
Sound velocity 1300. 1500. 1500.
¢ {m/s) | _
© Thermal linear expansion 1.0 x 104 4.1x 105 6.9 x 105
coefficient B (°C-1) |
Specific heat 250. 1000. 1000.
° Cp (cal/Kg °C)
Density 300. 1000. 1000.
p (Kg/m3)
e Optical penetration depth 1/a 100 10 10
at 10.6 um (um)
Optical reflectivity R 4.5% 2% 2%
° at 0.6328 and 1.06 um
=
o
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FIGURE CAPTIONS
Figure 1 - Thermoelastic generation of ultrasound. a) Ultrasonic pulses generated by a
buried heated layer; b) Ultrasonic pulses generated by a heated layer at the surface;

¢) Initial surface displacement corresponding to case b.

Figure 2 - Thermoelastic generation of ultrasound. a) Instantaneous energy
. deposition; b) Finite laser pulse duration.

Figure 3 - Theoretical laser-generated ultrasonic displacement and velocity of the
surface of an oil layer on a water substrate. The generating laser pulse is gaussian
with duration of 100 ns and the optical penetration is 100 pm (10.6 um wavelength).
The oil thickness is 3.2 mm and larger than the optical penetration length.

Figure 4 - Comparison of the ultrasonic displacement pulse with the derivative of the
initial surface displacement (theoretical data as in figure 3).

Figure 5 - Schematic of an optical ultrasonic receiver based on optical hetercdyning”.
The reference wave is frequency offset with a Bragg acousto-optic cell. The ultrasonic
signal then appears as a phase modulation of the fringe signal at the offset frequency.
‘This frequency is 40 MHz for the Ultra-Optec probe OP-35.0 we have used.

Figure 6 - Schematic of an optical ultrasonic receiver based on velocity or time-delay
interferometry. The insert explains the principle of demodulation8.

Figure 7 - Crosscorrelation measurement of the time delay in the oil layer. Heterodyne
interferometer.
a - Surface displacements with first and second derivatives
b - Normalized and mean value corrected initial surface pulse, selected on the second
derivative, starting at time O ps. '
| ¢ - Normalized and mean value corrected interface echo, selected on the first
derivative, starting at time 10 ps.
i - d-Crosscorrelation of the two data portions in b and c.

’ Figure 8 - Ultrasonic phase velocity dispersion of Norman Well's crude oil deduced
from the data of figure 7.
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Figure 9 - Experimental set-up with heterodyne displacement detection. The. receiving
laser is a continuous HeNe laser. The generating laser is a pulsed COy laser.

Figure 10 - Ultrasonic waveforms detected at the surface of the oil with the heterodyne
interferometer. a - single shot measurements; b - averaged 90 shots

Figure 11 - Measured time delay versus oil thickness for the heterodyne interferometer
data.

Figure 12 - Effect of the variation of the angle of incidence of the receiving laser beam
with respect to the norraal to the surface (heterodyne interferometer configuration).

Figure 13 - Effect of surface crientating on hetercdyne deiection; a) sketch of the
displacement of the return beam with respect to the incoming beam; b) variation of the
signal-to-noise with tilt, theoretical and experimental.

Figure 14 - Measurement with an heterodyne displacement interferometer which
operates with a low frequency cut-off equal to 10 KHz. a) CO; laser energy = 10 mJ;
b) CO2 laser energy = 26 mJ.

Figure 15 - Experimental set-up with the confocal Fabry-Pérot velocity interferometer.
The generating laser is a pulsed CO» laser. The receiving laser is a pulsed Nd:YAG

laser. The generating and receiving beams are superimposed.

Figure 16 - Ultrasonic waveforms detected at the surface of the oil with the 1.5 meter
remote Fabry-Pérot configuration.

a - single shot measurements

b - averaged data

Figure 17 - Measured time delay versus oil thickness with the 1.5 meter remote Fabry-
Pérot configuration. '

Figure 18 - Effect of the variation of the angle of incidence of the receiving laser beam
with the normal to the surface on the signal-to-noise ratio (1.5 meter remote Fabry-
Pérot configuration).
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Figure 19 - Effect of surface orientation on the signal-to-noise ratio obtained with the
confocal Fabry-Pérot receiver (theoretical). The variation given by an heterodyne
probe with the same effective entrance aperture is sketched in dash line.

Figure 20 - Experimental setup used for 15 meters remote laser-ultrasonics oil
thickness measurements.

Figure 21 - Ultrasonic waveforms detected with the Fabry-Pérot 15 meters away of the
oil surface.

Figure 22 - Signal observed with the Fabry-Pérot systém and ~ 4W peak incident on a
5 mm thick oil layer. a) signal (through a 1 MHz-high pass fiiter) b) spectra cf the
signal portion between 5 to 12 us in db (spectra unit is mV/MHz).

Figure 23 - Launching and collecting optics of the prototype.
Figure 24 - Experimental conﬁguration to evaluate the effect of waves, wind and fog.
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SUMMARY

A theoretical and experimental investigation is presented on the suitability of
optothermal techniques for oil spill monitoring applications. Two approaches are
taken into consideration for a remote evaluation of the oil film thickness on water.

The first approach is based on transient heating of the oil film and monitoring of
the thermal propagation through the oil-water medium by an infrared surface
temperature detector. A correlation between the oil film thickness and the shape of the
temperafure-vs-time curve is established by theoretical modelling and partially
confirmed by our experimental results. However, the length of the required
observation time, several tans of seconds to follow the thermal propagation through a
1 mm-thick film, introduced substantial convectional perturbations to the experimental
data, even in a quiet laboratory environment. This resulted in poor signal repetitivity
and reliability.

The second approach, thermally stimulated spectroscopy, may be implemented
with observation times much shorter than the thermal propagation time through the
film. A theoretical model shows that films of light oil may be probed up to 1 mm of
thickness by this method if a YAG laser is used for the thermal stimulation, while
heavier oils can only be probed up to 200 um of thickness, unless a lenger wavelength
thermal excitation source can be found. In any case, the thermal spectroscopy
approach appears as a valid complement to other techniques, such as laser
fluorescence (0 to 20 um of thickness) and microwave radiometry (1 to 4 mm). A
limited amount of experimental data could be collected on this second approach,
mainly because of the unavailability of proper equipment. Nevertheless, the results
obtained with a continuous YAG source and a laboratory monochromator confirmed
the expected decrease of the signal magnitude with film thicknesses smaller than the
optical penetration depth and provided a better understanding of the optical and
thermal interactions in the oil-water medium. Further investigations with more
appropriate equipment are recommended.
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Canpolar Inc. contacted our institute some time ago for helb in the evaluation of
laser-based techniques for remote oil film thickness measurement. The intended
application is the evaluation of the thickness of crude oil films on ocean water to be
performed by airborne instrumentation quickly after an oil spill. Typically, a small
aircraft or a helicopter would fly over the spill area within hours from the reported event
to monitor the volume, extension and movement of the crude oil film by remotely taking
samples of the cil film thickness at periodical intervals.

Two laser-based techniques have been taken into consideration at IMRI for
monitoring oii film thickness: a laser-ultrasound approach, which is the object of a
separate IMRI report, and an optbthermal approach, including a number of possible
variations, which is described in this report.

Two optothermal techniques are described in the present report. The first
method, time-resolved thermal-wave probing, corresponds to a technology previously
developed at IMRI for the evaluation of the thickness of solid coatings on metal.
Although its applicability to liquid films was not evident, as mentioned in a previcus
letter to Canpolar, it was decided that such an approach was worth a quick laboratory
investigation.

The second optothermal technique described in this report, thermally stimulated
spectroscopy, was conceived after the results of the thermal-wave method made it
clear that the required observation time was impractically long. After consuitation with
Canpolar, it was thus decided that a preliminary laboratory investigation would have
been carried out as well on the thermal spectroscopic method. The results obtained
up to now with this approach seem to indicate that such a technique would be
convenient for the monitoring of relatively thin films.

2. TIME-RESOLVED THERMAL PROPAGATION APPROACH
2.1 Description ot the method l
2.1.1 litative intr i

A time-resolved thermal propagation method has been developed a few years
ago at IMRI for the thickness evaluation of ceramic coatings on metal (Ref. 1). The
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i gurface of the coating is thermally stimulated by a laser beam creating a thermal front
~ which propagates within the material at a speed which is determined by the thermal
diffusivity a = K/pc (K being the thermal conductivity, p the mass density and ¢ the
specific heat) of the material within which the thermal wave propagates. When the
thermal front reaches the coating-substrate interface, the thermal flow will be perturbed
by an amount depending on the difference between the thermal properties of the
coating and substrate materials, and more precisely (see below) on the ratio of their
respective effusivities b = (Kpc)1/2,

2.1.2 Analvytical modellin

The thermal propagation in the oil-water medium can be monitored by following
the temperature evolution of the irradiated surface after application of the laser-heating
step by an infrared temperature sensor. The surface temperature vs. time curve
(thermogram) in the case of continuous heating of the film surface, starting at the time t
= 0, with an abscrbed power density P {ollows the relation (Ref. 2):

=2P ‘ [ _____1_ nz, nzl]
T(t) —ﬁﬁbl \ 1+22 I exp (- LA ‘/—{_crfc(ﬁl_;

n=1

‘bo-by
with = by 7 b,
where z4 is the film thickness and in general the subscripts 1 and 2 refer, respectively,
to the coating and the substrate. Because of the arguments of the exp and eric
functions, a discontinuity in the t1/2 progression of the surface temperature is expected
after a time delay of the order of:

t = 2¥/a | (2)

which is referred to as the thermal propagation time through a film of thickness z4 and
thermal diffusivity a¢. This is clearly evident from Fig. 2, showing the computed surface
temperature increase of a coating on a substrate for different values of the effusivity
ratio bo/by. When such a ratio is different from 1, the slope of temperature vs. time

curve departs from 1/2 in the log-log scale in the proximity of a value for the
adimensional Fourier number F = t/t4 = a1t/z42 = 1 corresponding to Eq. (2).



Fig. 2 shows that a first condition for the visibility of the thermal transition at the
coating-substrate interface is a difference on their respective thermal effusivities. In
our case, the following data have been reported for oil and water (Ref. 3; see previous
letter to Canpolar):

THERMAL PARAMETER OlL WATER
K (W/mK) 0.14 0.6
o (J/KgK) 800 1000
C (Kg/m3) 1050 4200
b = (Koc) 2 (J/m2Ks-1) 340 1600
a = K/pc (m2/s) 1.7+10°7 1.4010-7

The eftusivity ratio being nearly equal to 5, we can hope, in theory, to see an
inflexion in the thermogram around t = t{ (see Fig. 2). If we can locate such a transition

on the thermogram, we can then estimate the film thickness z4 from Eq. (2) if the
thermal diffusivity a¢ of the coating is known.

2.1.3 FEinite-difference modelling in the non-ideal case

In reality, other perturbations to the ideal heat propagation curve are expected.
A first class of perturbations are related to thermal losses and finite optical penetration
in the oil film. Surface losses by radiation and conduction in air above the heated
surface, together with 3-D thermal flow losses if the diameter of the irradiated area is
finite, tend to saturate the curve to a constant asymptote when the amount of loss
becomes comparable to the injected power: see Fig. 3. As to the finite optical
penetration in the oil film, both at the laser and at the infrared detector wavelengths,
the result is an initial portion of the thermogram (up to a time of the order of the thermal
propagation time through the optical depth of penetration) where the slope is closer to
1 than to the nominal value of 1/2.

Even worse are the effects of convection in the liquid. The thermally stimulated
convectional flow, whose modelling is difficult (see Appendix of Ref. 4), is strongly
dependent on the oil viscosity and thus on ambient temperature and oil type.
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Convection produces a radial material flow which stabilizes the surface temperature at

levels lower than expected. Moreover, the ocean water movement, particularly under

adverse meteorological conditions, is expected to introduce further random
" fluctuations in the thermogram.

Exper ntal | i

The analysis presented above shows that the thermogram features of interest
for il film thickness evaluation, i.e. the slope variation around F = 1 (see Fig. 2) for an
effusivity ratio of the order of 5, will probably be overshadowed by external
perturbations. Nevertheless, a series of laboratory tests were performed at IMRI on oil
film of different thickness on water to verify whether some empirical correlation could
be established between the shape of the obtained thermograms and the oil film
thickness. |

2.2.1 Description of the apparatus

The experimental apparatus is represented schematically in Fig. 1. The YAG
laser (A = 1.064 um) produced a nearly parallel beam of 18 watts, typically 10 mm
diameter, which was almost totally absorbed by the oil film. The cryogenically-cooled
InSb detector, 1 mm x 1 mm active area, Ge-filtered to be sensitive over the 210 5.5 um
spectral range, was imaged on the center of the laser-irradiated area by a 2" diameter,
2" focal length CaF 2 infrared lens with an optical magnification equal to 5 (i.e., lens-to-

oil distance equal to 300 mm).

The signal was periodically sampled and displayed logarithmically vs. time after
subtraction of the initial signal level before heating. No conversion from the signal
(which is proportional to T where T is the temperature in degrees Kelvin and n is of
the order of 10 in our case, see Ref. 5) to the corresponding temperature was
performed. This may introduce some amount of deformation to the curve shape due to
the nonlinearity of the signal-to-temperature relation, but such effects are of minor
significance at the present stage. The peak oil surface temperature was estimated to
be of the order of 80°C during this series of experiments.

The preparation of oil film samples of uniform thickness proved to be more
difficult than expected. The oil tended to lump over the water surface and to form a
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thick meniscus on the borders of the glass container. With the help of L. Lalumiere of
Canpolar, we could achieve a certain degree of uniformity by deposing a known
volume of oil on the water by a syringe and stirring just before each experimental trial,
the oil thickness being evaluated from a knowledge of the injected oil volume and of
the water surface. &7 a

2.2.2 Experimental results.

Figs. 4(a) to 4(f) show the thermograms obtained with oil layers of estimated
thicknesses from 0.3 to 1.2 mm on water. More than one test was performed on the
same sample to verify the repetitivity of the corresponding thermogram. For each
thermogram, a 0.5 slope straight line in the log-log scale representing the theoretical
t172 progression (neglecting signal vs. T nonlinearities) is also traced for reference. A
full discussion of these results is given in the next section.

For an ideal thermogram, a data inversion can be performed to estimate the
thermal properties of the different layers (Ref. 6). For a step thermal excitation, the
thermogram T(t) can be inverted to obtain the distribution of the effusivity:

bty = 2Bt12
2 T(t) (3)

where P is the constant laser power density absorbed starting at t-= 0. Figs. 5(a) to 5(f)
show the results of this deconvolution operated on the data of Figs. 4(a) to 4(f).
Because the thermal propagation depth z is linearly related to log t, Figs. 5 can be
considered as an estimation of the thermal effusivity vs. depth below the surface of the
oil-water sample.

2.2.3 Discussion

The experimental data shown in Figs. 4(a) to (f) have a certain degree of
similarity with the theoretical expectations, see Fig. 3. The initial slope is closer to 1
than to 0.5 as expected from the finite optical penetration depth at the laser
wavelength and even more in the spectral response region of the InSb detector. Tests
were also performed with an HgCdTe detector and the results were similar although
more noisy, possibly because of a higher sensitivity to surface flow. The curves tend to
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saturate at longer time intervals as predicted by the simulation shown in Fig. 3. The

 overall results are, however, disappointing for the following reasons:

- The shape of the thermograms obtained for the same sample may present
substantial variations from test to test.

- No clearly recognizable features have been observed relating the shape of the
curves with the oil film thickness. Although the linear portion of the
thermograms shown in Figs. 4(e) and (f) appears 1o extend to longer time
intervals than in the thermograms corresponding to thinner films, the curves
corresponding to the same thickness such as Fig. 4(c) present stronger shape
variations than curves corresponding to different oil thicknesses.

- The etffect of convection in the oil-water samples appears to be of overwhelming
importance at these peak temperature levels. Indeed, an actual decrease of the
surface temperature during irradiation as observed in Figs. 4(c) or 4(e) can only
be explained by convection effects.

Convection was a major source of perturbation of the thermal propagation flow.
In certain cases, see Fig. 6, clearly visible liquid flow in the heated oil area produced
cyclic fluctuations in the detected signal. The frequency of such pulsations was
observed to be relatively constant for a given film thickness, as Fig. 6 shows for two
subsequent tests on the same sample. One could explore the possibility to relate such
convective phenomena to the oil thickness. However, because of the complexity
involved in modelling such flows and of their probable dependence on a variety of
hardly predictable parameters such as oil viscosity and surface tension, ambient
temperature, power density and beam diameter of the laser, ocean surface turbulence
and topography, etc. we chose to orient our priorities toward the spectroscopic
approach which is described in the next section.

3. THERMALLY-STIMULATED SPECTRO PY APPROACH
3.0 Preliminary considerations

We have seen in the previous section that most of the practical implementation
problems encountered with the thermal propagation approach are related to the slow
propagation of the thermal front within the oil and water materials, requiring an



-10 -

] After consultation with Canpolar, we have thus decided to explore an additional
- .pproach, based on spectroscopy, which is not dependent on the slow thermal
diffusion rate in the material and thus requires much shorter observation times.

The infrared transmission spectra of oil and water (see Figs. 7 and 8) present
characteristic absorption bands. Straightforward diffuse-reflectance spectroscopy
methods (Ref. 7, Chapt. 8, see in particular Fig. 8-4) would be inappropriate to this
application in our opinion: the amount of backscattered light from oil or water
impurities is exceedingly small while the specular reflection at the oil-water interface
would be overshadowed by the air-oil reflection. Fluorescence techniques have

- already been considered and are mainly sensitive in the micrometer range of oil film
thickness (Ref. 8, Section 10.2.2).

3.1 Description of the method

The approach we have taken into consideration is a modification of the transient
infrared emission spectroscopy (TIRES) method which has recently been propcsed
(Ref. 9) for the analysis of surface properties. In the TIRES method, a laser pulse heats
the surface of the sample and the emission spectrum from this surface is quickly
recorded. The advantage of this approach vs. conventional emission spectroscopy is
that only a shallow depth Az of the material, corresponding to the thermal propagation
depth during the observation time, is effectively probed: self-absorption problems are
thus avecided and the obtained spectrum is analogous to a transmittance spectrum
through a free-standing film of thickness az.

3.1.1 Qualitative description

Our method is also based on laser heating and emission spectroscopy, but the
effect of the finite oil layer thickness is now taken into consideration. One possible
implementation is shown in Fig. 9. The oil layer on water is heated by laser radiation.
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"-"suppose that the laser penetration depth in oil is much larger than the oil film
<5, and that water is transparent to the laser wavelength. The oil layer will thus
lume heated almost uniformly, while water remains cool.

v The oil layer temperature is probed by two infrared detectors, an InSb sensitive
--.3 4 to 5.5 um spectral region, and a HgCdTe sensitive in the 8 to 14 um region.
" Fig. 7 we estimate the infrared penetration depth to be of the order of 1 mm (k' -
I m-1) for the first detector and of 0.2 mm (k" = 5 mm-1) for the second one.

]

If the oil film is relatively thick, say thicker than 1 mm, both detectors will probe
!, average temperature through the film. If, on the other hand, the film is thin,
W= 02 mm, the HgCdTe will see the same temperature while the InSb, which is
bing the average temperature of the oil film and of the portion of cold water within
fc penetration depth, sees a lower temperature. The ratio of the two detector outputs
@7an thus be used to estimate the oil film thickness.

)

A This method is much faster than the previously investigated thermal wave

if we can have enough laser energy within a 1 ms pulse, the measurement

¥ can be performed within such a short period, before conduction or convection within

Fihe liquid may perturb the data. This approach is different from photothermal

pectroscopy (see, e.g., Ref. 11) where a wide-band light source is spectrally scanned

~ 2 and 2 single infrared temperature sensor is used: such an approach would be
- '_.,‘ inadequate because of the relatively low power of incoherent wide-band light sources,
-‘ while no powerful laser sources exist in the 3 to 5.5 um region.

3.1.2 Analytical mode|

Let us consider an oil film of thickness z4 on laser-transparent water, with
absorption coefficients k, k' and k" and scattering coefficients kg, k's and kg
respectively at the laser wavelength and over the spectrally sensitive bands of the
detectors 1 and 2. The radiation due to laser heating emitted by an oil layer of
thickness dz situated at a depth z below the surface (see Fig. 9) and detected by
detector 1, with similar expressions for detector 2, can be expressed as:

zy
¢'=CI agtdz
0 (4)




-12-

where C is a constant for the two detectors,

a=kexp(-k-k¢)z (5)‘

is the laser absorbance factor (which is proportional to the absorption rate k within dz
and to the exponentially-decaying laser power at z),

g=kK (6)

is the emittance of the layer within the spectral band of detector 1, and

T =exp (-k' - ki) | (7)

is the attenuation of the emitted radiation through the oil.

After integration, the ratioc between the radiation detected by the two detectors 1
and 2 becomes, in the absence of scattering and assuming that the temperature

elevations are sufficiently small (less than 10°C) to avoid uncompensated
nonlinearities for the two detectors: |

" _k" . k+k [1-expl-z (k +k™)]
o' k' k+k"|1-exp[-z (k +k)]

(8)

Plots of this ratio vs. the product kz4 for different detector absorption ratios k"/k'

are shown in Fig. 10(a) to (c), respectively for the three cases k'/k = 1,0.1 and 10. if
the values of the three absorption coefficients k, k' and k" are known, a measurement
of the signal ratio can thus provide an evaluation of kz1, and thus of z4.

3.2 _Experimental investigation
3.2.1 Sample characterization

Two oil samples submitted to us by Canpolar were characterized on our FTIR
spectrometer. The transmittance spectrum for two oil samples of 200 um thickness are
shown in Figs. 11(a) and (b), respectively for a relatively light oil (type 'A") and for a
heavier oil (type 'B'). Apart from the change in the horizontal scale, these spectra are
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similar to the ones shown in Fig. 7(b) over the 3to 17 ym range. From these spectra,
we can estimate the oil absorptivity ratio in the 4 to 5.5 um and in the 8 to 14 um areas
to be of the order of: '

k'K =5 = (9)

for both kinds of oil.

Below 3 um, however, the attenuation is quite different for the two oil samples.
Apart from the additional band around 2.9 um, fig. 11(b) shows a depression of the
spectral transmittance baseline, which is characteristic of wavelength-dependent
attenuation losses due to scattering from local inhomogeneities of size smaller than
the light wavelength within the sample (see Ref. 12, Fig. 9). The attenuation is
correspondingly different at the 1.064 um YAG laser wavelength: a direct
measurement in transmission through a YAG-irradiated oil sample gave the following
estimations:

ka=2mml; kg = 10 mm-! (10)
respectively for oil samples A and B (Note: the attenuation coefficients given in Eq.

(10) were measured with a detector angular aperture of 0.1 rad and thus include a

strong scattering component which is slightly overevaluated with respect to the
hemispheric scattering coefficient kg in Eq. (5)).

From Egq. (10) and the spectra of Fig. 11 one can estimate the ratios:
k'/ka = 04; k/kg = 0.1 (11)
respectively for the two samples. We can now refer back to the theoretical curves

shown in Figs. 10(a) and (b): for k"/k' = 5 (Eq. 9) and from Egs. (10) and (11), we obtain
the following nearly linear theoretical ranges for the signal ratio of the two detectors:
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Teble 1:
Theoretical oil film thickness range with thermally-stimulated spectroscopy.

SAMPLE TYPE LOWER LIMIT UPPER LIMIT
o"/¢' value film thickness z4| ¢"/¢' value film thickness z4
A 0.9 50 ym 0.5 1 mm
B 0.86 20 um 0.78 200 um

Qut of these ranges, the expected variations of the ¢"/e' value with the film
thickness become vanishingly small. We can thus conclude that because of the
relatively high attenuation at the YAG wavelength, heavy oil films can be evaluated
only up to a few hundred micrometers of thickness.

3.2.2 Experimental setup

A few compromises had to be made owing to the unavailability of a few
equipment components at the present time. Pulsed YAG lasers being not available to
us when the experiments were made, we opted for the 18W continuous laser used in
the previous part of this investigation. As to the detectors, although both an InSb and a
HgCdTe detector were available, their unfiltered spectral response extended,
respectively, from 2 to 5.5 pm and from approximately 4 to 14 ym. Tests were made
with such detectors using a configuration of the kind shown in Fig. 9, but the results
were partially inconsistent due, we believe, to the excessively wide spectral bands of
these detectors.

We thus opted for a small grating monochromator, see Fig. 12, which could
unfortunately operate only in the 1 to 6 um range, hoping to find some correlation with
the spectral absorbance distribution of oil for thin films. To evaluate the thickness of
thin films of poor uniformity, we used a near-visible fiber optic illuminator and a Si
detector (spectral range 0.5 to 1 um) to measure the near-visible transmittance of the
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i ) film in t_he probed position: typical transmittancas for the oil type ‘A’ used in our tests
were of the order of 30% for a 200 um-thick film and 2% for a 1 mm film. Because of
the small throughput of the spectrometer, we had to integrate the signal over typically

12 seconds, during which conduction and convection effects are expected to play a

* significant role in the liquid.

3.2.3 Experimental results

A series of spectra obtained with the setup shown in Fig. 12 is shown in Fig. 13.
The curves correspond to oil films with different near-visible transmittances (see
above), i.e. of different thickness, from a transmittance of 0% (very thick oil film) to
100% (pure water). The horizontal scale, in seconds, corresponds to the grating
scanning time: the corresponding wavelength values are shown on the top of the
graph. The strong 4.3 um negative peak is a spectrometer artifact. The lack of signal
in the 1.4 to 3.3 um area is mainly due to the low blackbody radiation at low
wavelengths.

The fellowing observations can be made from the data of Fig. 13:

- The average radiated intensity is an increasing function of the oil thickness for
thin films: we can easily distinguish between pure water (100% transmittance)
and oil film of nearly 100 um (60%), 250 um (23%) etc. in thickness, on the basis
of the average spectral intensity alone. '

- For thicker films, near 2% transmittance, there appears to be an inversion of this
tendency, the intensity decreasing from the 2% to the 0% transmittance films.

- In certain cases, in particular for the 2% transmittance or nearly 1 mm-thick
7 ilms, the spectral radiation in the 3.3 to 4 um region appears to be enhanced.

3.3 Discussion

The interpretation of the results shown in Fig. 13 is complicated by a number of
factors, of which many are more related to the limitations of our experimental
apparatus than to the theoretical expectations.
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'3.3.1 Conduction and convection effects

Because we had to integrate through more than 10 seconds, conductive
thermal propagation takes place between the heated oil and the water, which can no
longer be considered cold. The thermal propagation depth within water during 10 s
can be estimated at nearly 1 mm, resuiting in heat removal from thin films and possibly
in convective flow.

3.3.2 Emitted radiation from water

The boundary water layer which is heated by conduction is a good emitter of
radiation: fig. 8 shows that the infrared penetration depth in water in the 2.5 to 6 um
speciral region is of the order of or smaller than 25 um: the emittance of a 1 mm-thick
heated water layer is thus close to unity. In the 4 to 6 um window (see Fig. 11a) the
water-emitted radiation is well transmitted by the oil layer.

3.33 litative in retation of the r

The experimental results of Fig. 13 may tentatively be interpreted as fcllows.
The radiation in the 3 to 6 um area (limited by the low blackbody emittance at near-

- ambient temperature on the low side and by the spectrometer response on the high

side) is due to both the emittance of the laser-heated oil and of the conduction-heated
water for thin films.

As the film thickness increases (from 0% to 23% transmittance) the equilibrium
temperature of the cil film increases because the stored heat increases while the
conduction losses are nearly constant. The average radiated intensity increases
correspondingly. .

As the film thickness exceeds 1 mm, the oil layer acts as a thermal barrier for the
water which stays cool. The emittance of the heated layer of oil is smaller than unity if
the scattering-limited penetration depth for the YAG laser is shorter than the infrared

‘penetration depth in the 4 to 6 um area. The lower radiation level of the pure oil (0%

transmittance) sample may thus be interpreted as due to the lower emittance of oil as
compared to water.
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In the 3 to 4 um region we have an absorption band for oil (see Fig. 11a). This
absorption stops the water-emitted radiation for thin films, depressing the relative
emittance in this region (see Figs. 14(a) and (b) showing the normalized spectra for
64% and 23% transmittance). For thicker films (see Figs. 14(c) to (e)) the higher
emittance of oil between 3 and 4 um shows up well against the lower oil emittance in
the 4 t0 6 um area.

3.3.4 A possible alternative

The considerations above concerning the emittance of water suggest a possible
variant, see Fig. 15. If one can, as suggested by Fig. 14.2 of a previous Canpolar
proposal, heat the water surface through the oil by a microwave pulse, the spectral
distribution of the detected infrared radiation will be similar to a transmittance spectrum
through a free-standing oil film. By using the 4 to 5.5 uym and the 8 to 14 um spectral
bands to evaluate the oil thickness we would then have the advantages of:

- a wider thickness range, from nearly 20 uym to 2 mm, because the strong
scattering at the YAG wavelength is avoided, and |

- a better reliability because the different types of oil appear to have similar
attenuation ratios in these bands, see Eq. (9).

The viability of such an approach is, however, strongly conditional to the
availability of sufficiently powerful microwave puises as well as to the valicity of our
assumptions concerning the absorbance properties of water and oil in the microwave
region, a technology in which we are not specialists.

3.4 Conclusion and suagestions

An optothermal approach has been taken into consideration for a possible
application to oil film thickness monitoring in case of oil spills. Two optothermal
methods, thermal propagation and thermally stimulated spectroscopy, have been
theoretically and experimentally analyzed.

The first technique is based on the observation of the thermal propagation of a
laser-generated heat puise through the oil-water medium. Although theoretically
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> fe'asible, due to the diiferent thermal properties of cil and water, such an approach

revealed to be strongly perturbed by thermal losses, finite optical penetration effects
and convective flow in the liquid, even in a quiet laboratory environment. Most of the
problems arise because of the relatively long observaticn time, several tens of
seconds for film thicknesses of 1 mm, which is required to follow the diffusion of the
thermal wave through the oil film and into the water. Because of these problems, we
do not advise to pursue this line of investigations at the present time.

The second technique, thermally stimulated spectroscopy, is based on the
spectral emittance properties of the laser-heated oil layer. A model indicates that, if a
YAG laser is used for the thermal excitation, the range of oil thicknesses which may be
probed with this method are of the order of 50 um to 1 mm in the case of light oils and
of 20 um o 2C0 um for heavier, YAG light scattering oils. A wider range, up to 2 mm,
could be obtained if a radiation which is exempt from scattering in the oil, such as
microwave radiation, could be used for the thermal excitation. This approach thus
appears to be useful at least as a complement of the laser fluorescence (0 to 20 um)
and of the microwave (1 to 4 mm thickness) techniques.

An experimental investigation of the thermal spectroscopic approach could be
performed only partially due to the unavailability of proper equipment, such as suitably
filtered detectors and a pulsed laser. A test performed with a moncchromator to cover
a reduced portion of the spectrum of interest confirmed the expected reduction of
emittance in the 4 to 6 um spectral region due to the translucency of oil both in this
spectral region and at the YAG wavelength. Other effects which are due, in our
opinion, to emittance from water conduction-heated through contact with the oil film
resulted in a better understanding of the complex optical and thermal interactions in
the oil-water medium.

Although quite preliminary, the results obtained with the thermal spectroscopy
approach are sufficiently encouraging to suggest further investigations in the following
directions: :

1. Suitable filters should be designed to limit the response of the InSb and of the
HgCdTe to the appropriate spectral bands. A filter responsive to the 3.3 to 3.5
um region could also be used to evaluate film thicknesses in the 0 to 20 um
range.
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Pulsed (= 1 ms) laser irradiation should be tested in order to overcome both
problems of convection effects and of fast airborne applicability of the spectral
technique. Short-term (less than 1 s) time-resolved effects due to heat
propagation from oil to water should nevertheless be investigated to see if the
appearance of water spectral features could help in the data interpretation.

Laboratory tests should be carried out to fully characterize different oils at
various temperatures and to better understand the relevant physical
phenomena. For example, tests could be performed on oil films laying on a
smooth, laser reflecting metal surface to obtain data which are less affected by
film nonuniformities and liquid convection in crder to help interpreting the oil-
water tests.

Evaluate the signal-to-noise ratio obtainable cn a remotely heated spot a few
tens of meters away, to simulate the airborne operation. Although such a
configuration would result in a decrease of the viewing aperture by nearly a
factor of 10, and thus of the signal by a factor oi 100, the detectivity levels
reached by thermovision cameras indicate that the signal-to-noise ratio should
still be adequate in this case.

Explore other sources of radiation, such as microwaves or far-IR lasers as
alternative heating mechanisms.
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Fig. 1 Experimental setup for the thermal-wave tests.
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Temperature for a 1000 microns estimated oil layer thickness
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Temperature for a 1200 microns estimated oil layer thickness
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Apparent effusivity for a 320 microns estimaled oil layer thickness
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Apparent effusivity for a 9S00 microns estimated o0il layer thickness
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Apparent effusivity for a 640 microns estimated oil layer thickness
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Apparent effusivity for a BOO microns estimated o0il ym<m1 thickness
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Apparent effusivity for a 1200 microns estimated o0il layer thickness
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Fig. 7(a) Infrared transmission spectrum of a 30 pm-thick oil film (from Ref. 10)

-

80

60

TRANSMITTANCE
40

7

20

o | L5 pn 2 pw 3 e - hss IC pam

7500 6800 6000 5200 4400 3600 2600 2000 1200 400




- . Fig. 7(b) Some oil as in Fig. 7(a), but 200 pm-thick film. _
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Fig. 9: Thermally-stimulated spectroscopy of a thicker (left) or thinner (right) translucent film.




Signal ratio curves for K'/K = 1




Signal ratio curves for K'/K = 10
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Flg. 11(a)

Transmittance spectrum of Canpolar oil sample type 'A', 200 pm-thick.
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: Same as Figlh 11(a), but with sample type
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Fig. 13: Spectra of type 'A' oil films of different near-visible percent transmittance,
i.e. different thickness (smaller transmittances correspond to thicker films).
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PROGRESS REPORT NO. 1

July 1st, 1990

Remote measurement of oil thickness on water

1. TIhermal approach

Various optical filters have been ordered and we expect to work on this
approach very soon.

2. ] rmoelasti n ion Itr n

During the first stage of this project, we have developed a model to
calculate the thermo-elastic displacement on a two-layer system produced by
the absorption of a laser pulse. By using an integral transform we derived the
transfer function of the problem. This means that we can now use in the
simulation any laser pulse shape. This model was implemented, in a first step,
on a VAX mini-computer. The calculated surface displacement for a 500 um oil
film on water system is shown in figure 1 for a pulse shape of the form 1 exp(-t/x).
We notice the echo of the interface oil-water arriving at the surface att = 0.8
usec.

We have also developed a computer model for calculating the signal
response of a confocal Fabry-Pérot which detects the displacement of the
surface. This calculation was simply done by summing the different waves
arriving at the optical detector after being delayed by multiple reflections within
the Fabry-Pérot. This approach may limit the time scale of the model but
permits a rapid computation of the signal, which is necessary for the
implementation of the program on a micro-computer.

Combining the thermo-elastic generation model with the Fabry-Pérot
response computer program, we were able to calculate the theoretical signal for
a given thickness and a given confocal Fabry-Pérot. Figure 2 shows the signal
obtained for the displacement of figure 1 with a Fabry-Pérot in the transmission



mode. The goal of this modsling effort is to determine the optimum

‘configuration of the Fabry-Pérot for detecting a thin film of oil (thickness < 1

mm). Preliminary results shown in figure 3 indicate that sensitivity increases by
using a Fabry-Pérot in a reflection mode with a high reflectivity for the back
mirror (i.e. high finesse). This investigation will be continued until the optimal
configuration for the detection of thin oil films is clearly established.

We are now going to implement this computer program on a PC
computer. This will permit a direct comparison to the actual measured data,
which is also acquired with a PC. Since we have used a numerical integral
transform for calculating the theoretical signal, it will be readily possible to
integrate the actual laser pulse shape which will be measured into the model.
This work is scheduled to be completed early August.

3. hysi i I - I
Not yet started.
4. Pool-size experiments with laser-ultrasonics

An optical configuration for generation and detection in our large scale
laboratory has been determined. Various optical and mechanical components
for the focalization of the pump laser beam and for the collection of the reflected
probe beam have been ordered. Further planification tasks (pool purchase,
laser safety, mechanical design ...) are going to be continued.
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DISPLACEMENT © 09-JUL-80 10: 48 Page 1

Theoretical surface displacement of oil-water.
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Fabry-Perot signal in transmission mode.
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SIMULATION , © 09-JUL-90 11: 04 Page 1

Theoretical signal of the Fabry-Perot
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